The adsorption of heavy metal cations, i.e. Pb(II) and Cu(II), from aqueous solution by a natural manganese mineral (rhodochrosite) was investigated. The properties of the ore were studied using SEM, FT-IR, XRD and BET methods. The value of pH pzc was determined using an equilibrium technique to give a value of 7.8 ± 0.1 which was not affected by the presence of added electrolyte. Batch experiments were carried out to investigate the adsorption processes. Kinetic experiments indicated that the processes could be simulated by a pseudo-second-order model and the Elovich equation, suggesting that the process may be chemisorption in nature. The adsorption capacity increased with increasing initial concentration of metal cations. The resulting isotherms could be described by the Langmuir relationship, with the adsorbent showing a higher affinity towards Pb(II) ions than Cu(II) ions. Thermodynamic analysis indicated that the adsorption process was endothermic and possibly chemical in nature with positive values of ∆H 0 . Positive ∆S 0 values suggested that a dissociative process was involved. The small positive ∆G 0 values indicated that the adsorption processes required a small amount of energy. The adsorption processes were only slightly influenced by the concentration of added electrolyte but were strongly dependent on the pH value. It is proposed that the most possible mechanism for the adsorption processes involves inner-sphere complexation.
INTRODUCTION
Most heavy metals are toxic and carcinogenic agents, and represent serious threats to human health even at low concentration when discharged into wastewater (Al-Ghouti et al. 2004; De Castro Dantas et al. 2001) . Conventional technologies for the removal and recovery of heavy metal ions from wastewater include chemical precipitation, ion exchange, electrochemical removal, membrane separation, microbe separation, adsorption by activated carbon, etc. However, most of these methods suffer from some drawbacks such as high capital and high operational costs and the problem of disposing of the resulting sludge. Hence, it is necessary to develop a costeffective method which can be readily implemented (Sen and Bhattacharyya 2006; Zou et al. 2006) . Of the several methods available, adsorption can be effective and feasible if a low-cost adsorbent is utilized. In this context, natural materials such as chitosan, zeolite, clay minerals and certain waste products like fly ash and coal from industrial operations are classified as low-cost adsorbents (Babel and Kurniawan 2003; Kalavathy et al. 2005; Zou et al. 2006) .
Naturally occurring materials such as manganese ores have also been considered as low-cost adsorbents for heavy metal ions. Since the report in the 1960s of the enrichment of Cu, Ni, Co and other heavy metals on manganese nodules on ocean beds, more and more workers have begun to study the treatment of wastewater by various manganese ores. The adsorption of metal ions onto several forms of manganese oxide and hydroxide has been reported to date. Thus, Morgan and Stumm (1964) reported that the adsorption of heavy metal ions onto δ-MnO 2 accorded with the Langmuir equation and pointed out that the high adsorption capacity exhibited by this oxide was derived from both ion exchange and complexation. In fact, the adsorption of most heavy metal ions onto manganese ores involves these two mechanisms. Surface complexion is attributed to surface hydroxy functions on manganese oxides and hydroxides. Specific adsorption occurs when heavy metal ions are attached onto these groups (Banerjee and Nesbitt 2001) while inner-sphere complexes are formed via edge and corner linkage modes Matocha et al. 2001; . Another important mechanism for the adsorption of heavy metal ions from aqueous solution is ion exchange. McKenzie (1978) showed that manganese ions were released when cobalt and other heavy metal ions were adsorbed onto manganese oxides. The porous nature of the material the presence of exchangeable ions such as K + , Na + and Ca 2+ enables heavy metal ions to be adsorbed from solution via ion exchange (Lei 1996; Steven 2002) .
Rhodochrosite (MnCO 3 ), which is abundant in nature and an important carbonate mineral, is an important form of manganese ore. However, its adsorption properties towards heavy metal ions have not been reported previously, with most studies being concerned with manganese oxides and hydroxides. Indeed, most previous research studies of the adsorption characteristics of heavy metal ions onto carbonates have focused on calcite (CaCO 3 ). These studies have shown that surface complexes, ion exchange and co-precipitation are the main factors in the adsorption of heavy metal ions such as Cu(II), Pb(II), Ni(II), Zn(II), etc. onto calcite (Elzinga and Reeder 2002; Lee et al. 2005; Rouff et al. 2004 Rouff et al. , 2005 Shirvani et al. 2006) .
A lean rhodochrosite mineral ore from China, which was not suitable for use in manganese smelting, was used in the present study. The aim of this work was to investigate the phenomenon and mechanism of Cu(II) and Pb(II) adsorption by the natural manganese ore and to obtain some information regarding its use for the treatment of wastewater containing heavy metal ions. Such studies were conducted using SEM, FT-IR, XRD, BET and batch experiments to investigate the adsorption properties of the two heavy metal ions on this mineral.
MATERIALS AND METHODS

Materials
Natural manganese ore, both flaky and grey-black in colour, was obtained from Huayuan County in Hunan Province, P. R. China. The mineral was ground and sieved to obtain a mesh size in the range 120-160. This material was then washed with de-ionized water and dried for 12 h at 253 K before being used as the adsorbent in the present investigation.
All chemicals and reagents used for experiments and analysis were of analytical grade. Copper sulphate (CuSO 4 •5H 2 O) and lead nitrate [Pb(NO 3 ) 2 ] were purchased from the Tianjin Chemical Company. Stock solutions (500 mg/ᐉ) of Cu(II) and Pb(II) ions were prepared by dissolving exact quantities of the respective salts in de-ionized water. These stock solutions were further diluted to the required experimental concentration by the addition of de-ionized water.
Methods
Characterization of the adsorbent
SEM photomicrography of the exterior surface of the manganese ore was undertaken using a JEOL JSM-6330F instrument. Elemental analysis was conducted via a Quanta 400F SEM-EDS-EBSD instrument. Fourier-transform infrared (FT-IR) spectra were obtained over the 4000-400 cm -1 range using a Fourier-transform infrared spectrometer coupled with a Bruker Equinox 55 instrument. All samples for such studies were prepared via the KBr method. A D/Max-IIIA powder X-ray diffractometer was used for the X-ray diffraction analysis of the samples over the 2θ range of 3-70 o employing 0.02 o steps. The specific surface areas and average pore widths of selected fractions of the adsorbent were determined by nitrogen gas adsorption studies using a Micromeritics ASAP 2020 instrument with the data being subjected to BET analysis.
Determination of the point of zero charge (pzc) of the manganese ore
The pH value corresponding to the point of zero charge (pH pzc ) of the manganese ore was determined by a batch equilibration technique (Čerović et al. 1995, 2002) using the following procedure. Known amounts (0.1000 g) of the sample in 25 mᐉ of 0.1 mol/dm 3 KNO 3 solution were placed in polyvinyl chloride (PVC) vessels and shaken for 24 h at 303 ± 1 K in a mechanical water bath shaker (SHA-C, Jiangsu Jintan Instrument Co., Jiangsu, P. R. China). The initial pH values (pH i ) of the solutions were adjusted within the pH range 2.5-11 by the addition of small volumes of 0.1 mol/ᐉ solutions of HCl or NaOH to the PVC vessels. After equilibration, the dispersions were filtered and the pH of the filtrate measured and recorded as being the final pH value (pH f ). The pH pzc values were obtained from a plot of pH f versus pH i . This procedure was then repeated using 25 mᐉ volumes of 0.01 mol/ᐉ and 0.001 mol/ᐉ KNO 3 solutions, respectively. A pH meter (PUS-3C, Shanghai Precision & Scientific Instrument Co. Ltd.) was used in this study.
Sorption studies
Such studies were undertaken by shaking 0.1000 g of the adsorbent with 25 mᐉ volumes of stock solutions containing various amounts of metal ion solutions in a 100 mᐉ flask at 200 rpm using a mechanical shaker. All such experiments were conducted using a water bath at 303 ± 1 K and an adjusted pH value of 5.20 ± 0.1 unless indicated otherwise. Other than the time-dependency studies, all experiments were conducted employing a contact time of 180 min. The detailed experimental conditions are discussed in Section 3 below. After equilibration, the resulting dispersions were filtered and the concentrations of heavy metal ions remaining therein were measured. The pH values of the various systems were kept constant by adding buffer solutions such as HNO 3 -H 2 O, HAc-NaAc and hexamethylene tetraamine.
Analysis methods
The concentrations of metal ions in the various solutions were determined using a PerkinElmer Zeeman background-corrected Z-5000 atomic absorption spectrometer. The adsorbed amounts of metal ions were calculated from their solution concentrations via the following mass-balance relationship:
(1) where q is the amount adsorbed per unit mass of the adsorbent (mg/g), m is the mass of adsorbent employed (g), V is the volume of solution (ᐉ), C is the equilibrium concentration of metal ions (mg/ᐉ) and C 0 is the initial concentration of metal ions (mg/ᐉ).
RESULTS AND DISCUSSION
Characterization of the manganese ore sample
SEM-EDS-EBSD methods, FT-IR spectroscopy, XRD, BET and SEM methods were all employed to investigate the character of the initial manganese ore, while FT-IR, XRD and SEM methods were used to investigate the sample after metal ion adsorption had occurred. The elemental analysis data listed in Table 1 indicate that the main contents of the mineral were Mn and Si, with some Ca, Mg, K, Na, Fe, etc.
The textural characteristics of the manganese ore are listed in Table 2 where the data show that its specific surface area was not large in comparison to those of other mineral adsorbents (Mohan and Pittman 2006) .
X-Ray diffractograms of the manganese samples are presented in Figure 1 , which clearly shows that quartz and rhodochrosite were the main phases present in the ore. The diffractograms also show that many other impurities were also present, thus confirming the results listed in Table 1 . This arises because the element Mn in rhodochrosite (MnCO 3 ) is often substituted by Ca, Mg and Fe in Nature so that impurities in the form of calcite (CaCO 3 ), magnesite (MgCO 3 ), siderite (FeCO 3 ), etc. often exist in such ores (Peihui Yao 1995) . The FT-IR spectra of the initial ore sample and of that obtained after adsorption are shown in Figure 2 . These exhibit the following characteristics:
• a band at 3401 cm -1 due to the vibration of interlayer water; • bands in the 1500-700 cm -1 range which are characteristic of rhodochrosite, with those at 1427, 867 and 725 cm -1 being induced by the vibration of the CO 2-3 group; and • bands at 1030, 526 and 471 cm -1 associated with Si-O vibrations.
SEM photographs were also taken to observe the surface characteristics of the original mineral ore and of that obtained after adsorption [Figures 3(a) and (b), respectively]. These show that the original manganese ore was porous with a rough surface [ Figure 3 (a)], having a low degree of crystallinity which may have been due to the presence of impurities.
Determination of the pH pzc value
The results of the determination of the pH pzc value for the natural manganese ore are presented in Figure 4 . The pH pzc was obtained from the pH value at which the plot of pH f versus pH i attained a plateau, which from the data depicted in the figure occurred at 7.8 ± 0.1. This indicates that specific adsorption of K + and NO -3 ions did not occur at the surface of the manganese ore, i.e. KNO 3 merely acted as a supporting electrolyte.
The two most important groups on the surface of rhodochrosite are ≡CO -3 and ≡Mn + , respectively (Sternbeck 1997). The particle surface is negatively charged above pH pzc by the release of OHions and is positively charged below the pH pzc by the release of H + ions. The process can be expressed by the following equations:
(2) Wavenumber (cm -1 ) Figure 2 . FT-IR spectrum of the initial manganese ore (---) and of the ore obtained after adsorption (---). However, some Mn atoms in the crystal are substituted by Ca, Mg or Fe atoms due to its impurity. Hence, the Mn ion depicted in equation (2) can also be substituted by other metal ions such as Ca(II), Mg(II) and Fe(II).
Adsorption of Pb(II) and Cu(II) ions
Adsorption kinetics tests
Kinetic experiments were carried out to investigate the effect of contact time on the amounts of Pb(II) and Cu(II) ions adsorbed by the manganese ore. As shown in Figure 5 , adsorption was rapid over the first 5 min, but after that the extent of adsorption slowly approached an equilibrium value which was attained for both ions within 60 min. No further adsorption was then observed for contact times up to 6 h. This indicates that the adsorption of the metal cations onto the surface of the manganese ore occurred via a single step without complexation being involved (Tiwari et al. 2007 ). In the following experiments, contact times of 3 h were employed to ensure the establishment of equilibrium. Generally, the process of physical adsorption is much more rapid than that of chemisorption. Thus, the results obtained in this case could be described in terms of an initial fast adsorption step corresponding to the total contribution of both physical and chemical adsorption, while the second slow adsorption step may be due solely to chemisorption. Another important reason for the first rapid adsorption step may be that there were sufficient adsorption sites available on the adsorbent surface initially to allow the rapid attachment of Cu(II) or Pb(II) ions. However, with increasing time these adsorption sites became gradually saturated. The uptake rate would therefore be controlled by the rate with which the adsorbate ions were transported from the exterior of the adsorbent particles to sites within the particle interiors; hence, the overall process became slower with time (Yu et al. 2000 (Yu et al. , 2001 .
Three of the most common kinetic models were employed to simulate the adsorption process of Cu(II) and Pb(II) ions onto the manganese ore. These were the Lagergren pseudo-first-order model [equation (4) 
where q e and q t (mg/g) are the amounts of metal ions adsorbed per unit mass of adsorbent at equilibrium and at any time t, respectively, k 1 (min -1 ) and k 2 [g/(mg min)] are the rate constants for pseudo-first-order and pseudo-second-order adsorption processes, respectively, and α [mg/(g min)] and β (g/mg) are known as the Elovich coefficients which represent the initial sorption rate and the desorption constant, respectively. All the kinetic parameters were obtained through the use of a non-linear regression method which minimized the sum of the errors using the Microcal Origin 7.5 program. The values of the rate constants k 1, k 2 and q e , the values of the Elovich coefficients α and β as well as the respective correlation coefficients (r) are presented in Table 3 . As can be seen from the data, the equilibrium adsorption capacities of the manganese ore towards Pb(II) and Cu(II) ions were 2.459 mg/g and 0.585 mg/g, respectively. It should also be noted that the correlation coefficients for the second-order model were higher than those for the first-order model, indicating that the second-order model is that most suitable for describing the adsorption process. Generally, ordinary exchange processes are more rapid and mainly controlled by diffusion, whereas those involving a chelating exchanger are slower and controlled either by a particle diffusion mechanism or a second-order chemical reaction (Kantipuly et al. 1990) . For this reason, it is predicted that a chemical reaction occurred on the surface of the adsorbent in the systems under study. To confirm this predication, the Elovich equation has been employed to simulate the adsorption process. This equation has also been used successfully to describe second-order kinetic processes where the solid surfaces involved are energetically heterogeneous (Sen Gupta and Bhattacharyya 2006) . Application of this equation to the data arising from the adsorption of Cu(II) or Pb(II) ions onto the manganese ore led to high correlation coefficients (0.989 and 0.969, respectively). However, although this equation is useful in describing predominantly chemical adsorption onto highly heterogeneous adsorbents, a definite mechanism for adsorbate-adsorbent interaction cannot be obtained directly from it (Ho and McKay 1998, 2002) . Nevertheless, it has been substantiated that Cu(II) and Pb(II) ions may be attached to the mineral surface via a chemisorption process in the present case.
Adsorption isotherms
Concentration dependency studies were carried out by changing the initial concentrations for Cu(II) ions from 1 mg/ᐉ to 120 mg/ᐉ and for Pb(II) ions from 1 mg/ᐉ to 175 mg/ᐉ at 303, 313 and 323 K, respectively. The results plotted in terms of the amount adsorbed (q, mg/g) versus the equilibrium concentration of ions in the aqueous phase (C e , mg/ᐉ) for Pb(II) ions are depicted in Figure 6 while a similar plot for Cu(II) ions is depicted in Figure 7 . Both figures indicate that the amount adsorbed increased as the equilibrium concentration of the ions concerned increased, with a nearly constant value being achieved at higher equilibrium concentrations. This is a common phenomenon in adsorption processes which is brought about by the gradual saturation of adsorption sites on the adsorbent surface so that a further addition of ions to the aqueous phase surrounding the adsorbent particles would not be expected to increase the amount adsorbed significantly (Machida et al. 2005) . The adsorption behaviours depicted in Figures 6 and 7 are a specific characteristic of the Langmuir equation. The Freundlich equation, which is also a frequently quoted model, also describes the same behaviour. Hence, these two models have been employed to describe the experimental data obtained in the present study. The non-linear Langmuir and Freundlich isotherms may be expressed in terms of equations (7) and (8) respectively:
where q e is the quantity adsorbed at equilibrium per unit mass of adsorbent (mg/g), q 0 is the Langmiur monolayer adsorption capacity (i.e. the amount of solute required to occupy all the available sites on unit mass of the adsorbent surface [mg/g]), C e is the equilibrium concentration (mg/ᐉ), b is a constant related to the sorption energy (ᐉ/mg), and n -1 and K F are the Freundlich empirical constants referred to as the adsorption intensity and adsorption capacity, respectively (Fu et al. 2007) .
The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant called the equilibrium parameter, R L , which may be defined as: where b is the Langmuir constant and C 0 is the initial concentration of metal ions (mg/ᐉ). The values of R L indicate the isotherm type as irreversible (R L = 0), favourable (0 < R L < 1), linear (R L = 1) or unfavourable (R L > 1) (Arami et al. 2005) .
The isotherm parameters were also obtained via a non-linear regression method that minimizes the sum of the error squares using the Microcal Origin 7.5 program. Values of q 0 and b thus obtained for the two cations at different temperatures are listed in Table 4 which indicates that the maximum amounts of Cu(II) ions adsorbed were 1.68, 2.75 and 4.67 mg/g at 303, 313 and 323 K, respectively, with the corresponding values for Pb(II) ions under the same temperature conditions being 5.50, 7.80 and 11.30 mg/g, respectively. Thus, the manganese ore exhibited a higher adsorption capacity towards Pb(II) ions than Cu(II) ions (on both a weight and a molar basis). The Langmiur constant b can serve as an indicator of the slope of the isotherm in the region of lower metal ion concentration, thereby indicating the strength and affinity of the adsorbent for the solute. The higher value of b for Pb(II) ions indicates their higher affinity towards the adsorbent surface (Gupta et al. 2005) . The R L values for both adsorption processes listed in Table 4 were in the range 0.101-0.989, indicating that the adsorption process was favourable in both cases (Arami et al. 2005) .
The Freundlich isotherm constants are also listed in Table 4 , where relatively high values for K F also demonstrate the high adsorptive capacity of the manganese ore towards the heavy metal ions studied. The values of n for these systems were in the range 1-10, indicating that the adsorption processes were favourable (Gulnaz et al. 2004) .
The values of the correlation coefficient (r) in Table 4 are so similar that they do not indicate which model gave the best fit for the adsorption data. For this reason, another function, viz. the standard deviation (∆q), was employed in the analysis. The standard deviation ∆q may be calculated from the following formula (Wu et al. 2005): (10) where N is the number of data points, and q exp and q calc are the respective experimental and calculated value of q e . Overall, the ∆q values (Table 4) smaller than those from the Freundlich equation. This suggests that the Langmuir equation was more suitable than the Freundlich equation for the description of adsorption equilibrium data.
Thermodynamics of adsorption
Thermodynamic studies were undertaken to investigate the mechanism of the adsorption process.
Thus, values of the free energy change (∆G 0 ) together with the changes in enthalpy (∆H 0 ) and entropy (∆S 0 ) were obtained by conducting the adsorption experiments at different temperatures and employing the following equations:
(11)
The corresponding results are listed in Table 5 . The adsorption enthalpy, ∆H 0 , is a measure of the energy barrier that the reacting molecules must overcome (Unuabonah et al. 2008) . As shown in Table 5 , the values of ∆H 0 were 31.98 kJ/mol for Pb(II) ions and 28.61 kJ/mol for Cu(II) ions. The positive values of ∆H 0 suggest that the adsorption of Pb(II) and Cu(II) ions onto the manganese ore adsorbent was endothermic in nature, thereby indicating that increasing temperature would favour the adsorption process in both cases (Manohar et al. 2002; Saha et al. 2001 ). However, it is known that adsorption processes are always exothermic. Thus, an endothermic reaction must happen in the process so that the overall effect appears endothermic. This is a characteristic result of the involvement of a chemical reaction or bonding in the adsorption process (Zou et al. 2006 ). It may be attributed either to an increase in the number of active surface sites available for adsorption on the adsorbent or desolvation of the adsorbing species. A further reason may be a decrease in the thickness of the boundary layer surrounding the adsorbent particles with increasing temperature, leading to a decrease in the mass-transfer resistance of the adsorbent boundary layer towards adsorbate ions (Meena et al. 2008) .
The value of ∆S 0 can be used to indicate whether or not an associative or dissociative mechanism applies in the adsorption process. The entropy measures the width of the saddle point of the potential energy surface over which reactant molecule must pass as an activated complex (Jencks 1987) . Generally, an entropy change ∆S 0 > -10 J/(K mol) implies a dissociative mechanism (Scheckel and Sparks 2001) . The entropy change calculated in the present work was positive for both Cu(II) and Pb(II) ions, suggesting that dissociative mechanisms were involved in the adsorption of both metal ions onto the adsorbent. The values of ∆G 0 were all small and positive, suggesting that the adsorption of Pb(II) or Cu(II) ions onto the manganese ore required only a small amount of energy (Scheckel and Sparks 2001) . This is also confirmed by the positive ∆H 0 values obtained for both adsorption processes. However, this does not mean that the adsorptions of Pb(II) and Cu(II) ions onto the manganese ore adsorbent were not spontaneous, but rather indicates that such processes would proceed more readily at higher temperatures. This indicates the presence of an energy barrier in the adsorption process (Unuabonah et al. 2008) .
Effect of pH
The pH-dependency studies were all conducted over the pH range 3.1-5.5 through the use of various buffer solutions, the upper limit being dictated by the need to avoid precipitation of the cations involved. The results depicted in Figure 8 indicate that the amount adsorbed increased considerably with increasing pH values, indicating that the adsorption process was strongly affected by pH. The pH-dependency experiments were all undertaken at pH values below pH pzc (7.8 ± 0.1). The surface of the adsorbent is positively charged below pH pzc so that electrostatic interaction would contribute very little to the overall adsorption process. In addition, the formation of outer-sphere complexes is related to electrostatic interaction, so the formation of such complexes cannot be the principal factor in the present adsorption processes.
Proposed mechanism
To investigate the mechanism further, the effect of the addition of KNO 3 as a supporting electrolyte on the adsorption process was studied. The results obtained are depicted in Figure 9 .
It will be seen from the figure that increasing ionic strength through the addition of KNO 3 had only a limited effect on the adsorption of both cations studied. Thus, the uptake of Pb(II) ions only exhibited a decrease of 14% under such circumstances, whereas that of Cu(II) ions decreased Section 3.3.3 above, the positive values obtained for ∆H 0 suggest that the number of active surface sites on the adsorbent available for adsorption may increase with temperature, with the ∆S 0 values obtained indicating that a dissociation process was involved. These results support the process depicted in equation (14). Higher temperature will favour the forward reaction so that more ≡CO 3 H 0 adsorption sites are generated, thereby leading to an increase in the extent of adsorption. In addition, dissociation of the Me 2+ ion will lead to a positive value for ∆S 0 and the fact that diffusion is an endothermic process will mean that an increase in temperature will cause an increase in the rate of diffusion of the ions in the external mass-transport process. Since the crystallographic radii of Cu(II) (0.073 nm) and Pb(II) ions (0.119 nm) are much larger than that of Mn (0.046 nm), it will be difficult for Pb(II) ions to replace the Mn sites in the crystal. Thus, a considerable amount of energy would be needed for the diffusion of metal ions from the surface into the interior of the crystal. This may provide an explanation of the positive ∆G 0 values and indicate that deposition of adsorbed Pb(II) and Cu(II) ions might occur mainly in the surface layer (Sturchio et al. 1997) .
In support of the latter suggestion, the SEM image depicted in Figure 3 (b) for the situation with Cu(II) ions after adsorption indicates that the surface of the manganese ore was covered with deposited material. However, the FT-IR results depicted in Figure 2 demonstrate that no new functional groups were introduced during this process, while the XRD results shown in Figure 1 indicate that, to some extent, a new structure corresponding to chalconatronite [Na 2 Cu(CO 3 ) 2 • 3H 2 O] was formed.
CONCLUSIONS
In the present study, the adsorption of the metal cations Cu(II) and Pb(II) onto a manganese ore which mainly contained quartz and rhodochrosite has been investigated. The following conclusions may be drawn from the experimental results obtained:
(1) The pH pzc value of the ore was 7.8 ± 0.1 and this value was not affected by the presence of electrolyte in the system. (2) Adsorption equilibrium was attained within 60 min for both Cu(II) and Pb(II) ions; both the pseudo-second-order kinetic model and the Elovich equation provided a satisfactory fit to the corresponding data, indicating that the process occurred via chemisorption. (3) The adsorption capacity increased as the initial concentrations of the metal cations increased. The adsorption isotherms could be described by the Langmuir isotherm model, with the adsorbent exhibiting a higher affinity towards Pb(II) ions than Cu(II) ions. The Langmuir adsorption capacities were 1.68, 2.75 and 4.67 mg/g for Cu(II) ions and 1.00, 5.50 and 11.30 mg/g for Pb(II) ions, respectively, at 303, 313 and 323 K. (4) Thermodynamic analysis showed that the adsorption process was endothermic and could be chemical in nature. Positive values of ∆H 0 and ∆S 0 suggested that a dissociative process was involved. Small and positive ∆G 0 values indicated that the adsorption of Pb(II) and Cu(II) ions onto the manganese ore required only a small amount of energy. (5) The adsorption processes were only slightly affected by the initial concentrations of Pb (II) and Cu(II) ions employed but were strongly dependent on the pH value. The most possible adsorption mechanism was inner-sphere complexation. Diffusion of the adsorbed cations into the crystal bulk was difficult so that the adsorbed ions were mainly distributed on the adsorbent surface.
In general, the data obtained indicated that the rhodochrosite present in the mineral ore provided a potential adsorbent for treating wastewater containing heavy metal ions. However, rhodochrosite cannot be used directly for such treatment due to its relatively low adsorption capacity. Accordingly, it must be modified before utilization -this will be the subject of our future work.
